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Abstract
Polymeric molecular structure consists of repeating units bonded together. Mechanical
properties can be altered without affecting chemical makeup by altering the number of these units.
Small molecules can be introduced and/or polymers can be modified to form bonds between
molecular chains. Cross-linking, as this is called, also introduces mechanical variation with
minimal effects on chemical composition. Lastly, polymer chains reorient themselves in response
to intermolecular forces. This temperature dependent response is known as crystallization.
Although chemistry is unaltered, mechanical properties can depend highly on the percent of the
sample that is crystallized.
Cross-linking is known to enhance the mechanical properties of amorphous materials, but
its impact on crystallization and degradation is less understood. To investigate this, a novel, photocross-linkable form of poly(lactic acid) known as ɑ,ɷ-ene functionalized poly(lactic acid) was
synthesized using organic catalysts. Direct polymerization of vinyl end caps resulted in disordered
network formation. Ordered networks of different functionalities were also prepared using near
click thiol-ene chemistry.
Swelling was found to be proportional to the cross-link density independent of network
topology as predicted by the Flory-Rehner equation. Higher functionality networks, however, were
more effective at disrupting the formation of crystalline regions. The formation of spherulites
restricted by cross-links reduced melt temperatures similar to secondary crystal structures in
disordered networks. Melt temperatures of the higher functionality networks at the same cross-link
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density were further reduced. Though network topology has little effect on swelling, the location
and type of cross-links can lead to variation in crystallinity and melt temperature.
Controlled degradation of bio- and eco-safe poly(lactic acid) have the potential to
revolutionize non-degradable single use plastics and drug delivery. Crystallization, a wellestablished parameter for controlled degradation, is more effectively exploited in cross-linked
samples. Cross-linked samples resist changes to crystallization better than their uncross-linked
counterparts. Here, studies show, that the variable degradation rates resulting from increased
crystallization in uncross-linked samples can be remedied by the use of cross-links. Further, the
networks prepared in this work are made from a modular, photo-cross-linkable form of PLA.
Various molecular weights can be cross-linked together to provide another mode of degradative
control.
Beyond the controlled degradation demonstrated in this work, the PLA oligomers
developed provide a significant advantage over other controlled release polymer systems.
Currently, drug incorporation requires the development of new chemistries or the use of lengthy
complicated procedures. ɑ,ɷ-ene functionalized poly(lactic acid), however, can be dissolved in
chloroform and vortexed with water based drug solutions. Exposure to UV light crosslinks the
polymers locking the medicines into the matrix. Additional tests for homogeneity, controlled
release, and medical efficacy are still required before successful implementation.
The stabilized crystallinity and the ease of drug “mixing” are two advantages of ɑ,ɷ-ene
functionalized poly(lactic acid). Other than that, it is quite difficult to compare the degradation of
one controlled release system to another. Though excellent work has been done showing the effects
of both polymeric and environmental conditions on degradation, the lack of a standard control
makes quantitative comparison from experiment to experiment difficult. For example, molecular

vii

weight, chemical additives, crystallinity, and temperature have all been shown to alter degradation
characteristics effectively. However, the control in each of these experiments were different.
Control samples between experiments have different dimensions, crystallinity, and molecular
weights. Even experiments emphasizing in vivo use, use different environmental conditions (some
use water, some use simulated body fluid, and others simply set pH). Each work on its own
demonstrates an important avenue of degradative control, but without a standard reference, only
qualitative conclusions between experiments can be made.
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Chapter 1: Introduction, Motivation, and Background
Polymeric molecular structure consists of repeating units bonded together. Mechanical
properties can be altered without affecting chemical makeup by altering the number of these units
(Figure 1.1). Polymer samples comprised of long chains entangle with each other. This limits
molecular movement creating stiff solid materials. Small chains, on the other hand, are too short
to coil. This prevents entanglement. Shorter chains glide past each other creating softer, gel-like,
materials. In both cases, though mechanical properties are drastically different, the chemical
compositions remain identical.

Short Chain Polymer

Long Chain Polymer

Figure 1.1: Non-entangled vs Entangled Polymers
Small molecules can be introduced and/or polymers can be modified to form bonds
between molecular chains. Cross-linking, as this is called, also introduces mechanical variation
with minimal effects on chemical composition (Figure 1.2). The effect limits molecular movement
resulting in harder materials.

1

Bond Between Chains

Polymer Chain

Figure 1.2: Cross-linked Polymer

Lastly, polymer chains reorient themselves in response to intermolecular forces (Figure
1.3). This temperature dependent, exothermic response is known as crystallization. Polymers
without any crystalline structures are known as amorphous. Amorphous polymers spontaneously
relax through processes such as reptation and cooperative diffusion1. Generally, steric hindrances
prevent the formation of a complete crystal resulting in semi-crystalline states. Although chemistry
is unaltered, mechanical properties can depend highly on the percent of the sample that is
crystallized2.
Polyesters are a class of polymers where the repeating unit contains an ester group.
Naturally occurring polyesters degrade enzymatically and hydrolytically into environmentally
friendly and bio-safe byproducts3. Of these, the most widely researched polymer is poly(lactic
acid) (PLA) (Figure 1.4). Areas of current research include tissue engineering (TE), drug delivery
systems, implantable devices, and eco-safe single use plastics4, 5.
2

Crystallized
Regions

Amorphous

Semi-Crystalline

Figure 1.3: Amorphous vs. Semi-Crystalline Polymers

Figure 1.4: Molecular Structure of Poly(Lactic Acid)
Mechanical variation without chemical modification is crucial in these areas of research.
TE scaffolds must behave differently depending on the type of cells being cultured. Degradation
rates must be tailored to cell growth rates and elastic modulus plays a role in cell differentiation.
Degradation and crystallinity control the dose in drug delivery systems6. Lastly, single use plastics
come in a variety of strengths. Stiffness, hardness, and other mechanical properties must be varied
before PLA can be used as a replacement7. For all these uses, however, chemical composition must
remain fairly unchanged if the final product is to still degrade in an environmentally and medically
safe manner.

3

This thesis outlines the synthesis of a novel, modular form of PLA. The reaction scheme is
given in figure 1.5. This modified form can be produced in a range of molecular weights with low
dispersity. It can then be networked via polymer end groups with or without the addition of crosslinker molecules. Cross-link density is controlled in two ways, one, the molecular weight of the of
chain determines the distance between cross-link junctions and, two, the number of arms of the
cross-linker molecules determines the number of cross-links at these junctions. Cross-linking
schemes are given in figure 1.6.

Figure 1.5: Reaction Scheme for the Synthesis of a Novel, Modular, Photo-Crosslinkable Form of
PLA

4

Figure 1.6: Possible Cross-linking Schemes for Novel Form of PLA

In chapter two, we explore of the use of cross-linking to modify the crystallization
properties of PLA. To this end, modular, ɑ,ɷ -ene functionalized lactic acid oligomers or
prepolymers were cross-linked via near click thiol-ene chemistry8 9. Briefly, ɑ,ɷ hydroxyterminated PLA oligomers were synthesized using diol initiated ring opening polymerization10.
Additionally, the hard to remove, toxic, traditional metal catalyst generally used in ring opening
of lactide was replaced with an organic 4-(N, N Dimethylamino)pyridine (DMAP) catalyst. 11, 12.
The hydroxyl groups were subsequently converted to vinyl groups with acryloyl chloride.
Networking was achieved by one of two mechanisms: 1) Directly polymerizing the vinyl
end groups to form disordered networks; 2) cross-linking the vinyl end groups to multifunctional
thiols to form ordered networks. This system permits straight-forward insights between polymer
length between cross-links, cross-link functionality, and crystallinity. While cross-linking does not
affect modulus at room temperature (below the glass transition temperature); it does interfere with

5

chain packing and reduces the efficiency of chain folding and crystallization. As cross-link density
was increased (by controlling cross-linker functionality and the distance between cross-links),
crystallization rates were arrested, and the maximum crystallinities were reduced. Further, chain
connectivity induced network strain resulted in lower melt temperatures.
In chapter three, the effect of crystallinity and cross-linking on degradation rate was
explored. Samples with varying crystallinities and cross-link densities were degraded in simulated
body fluid. Mass was recorded at periodic intervals. Crystallization was induced by annealing at
temperatures above the glass transition temperature. Crystallization had a dramatic effect on the
degradation of uncross-linked samples. In 8 weeks, amorphous samples degraded into small
chunks, while crystalline samples remained intact. Cross-linked samples which showed no
crystallinity after annealing degraded exactly as samples that were not annealed. Cross-linked
samples which showed some crystallization did degrade slower than their non annealed
counterparts, but the effect was less daramatic than that of the uncross-linked samples. No
significant differences in degradation were noted for the different cross-link schemes, however,
smaller molecular weights (corresponding to an increase in the number of cross-link sites) did
degrade faster than networks formed from large chains.
The original goal of this research was to develop a controlled release mechanism using
PLA. Though PLA is already used in this manner, hydrophillic drugs are incorporated into the
hydrophobic PLA matrix using a complicated double emulsion technique. In chapter 4, data is
presented which shows that medicines can be incorpoated into networked PLA in a simple
procedure. However, there is still work before this system can be used for controlled drug release.
The experiments still needed to be done are also included in chapter 4.

6

The last part of this thesis is a review paper written on cell sheet engineering. It is included
in the appendix because it is not directly related to work in this thesis. It was written in preparation
for work in the degradable polymer field. Top down tissue engineering utilizes degradable PLA
scaffolds to produce three dimensioal cell constructs. Cell sheet engineering, known as bottom up
tissue engineering, is a rival method which avoids the use of scaffolds completely. Thus, PLA
scaffolds are not used. However, reviewing this approach helped highlight the problems associated
with degradable PLA systems.

7

Chapter 2: Crystallization Differences Due to Network Topology in a Novel, Modular,
Photo-Crosslinkable Poly(Lactic Acid) System
2.1 Chapter Abstract
Cross-linking is known to enhance the mechanical properties of amorphous materials, but
its impact on crystallization is less understood. To investigate this, a novel, photo-cross-linkable
form of poly(lactic acid) was synthesized using organic catalysts. Direct polymerization of vinyl
end caps resulted in disordered network formation. Ordered networks of different functionalities
were also prepared using near click thiol-ene chemistry. Swelling was found to be proportional to
the cross-link density independent of network topology as predicted by the Flory-Rehner equation.
Higher functionality networks, however, were more effective at disrupting the formation of
spherulites. In disordered networks, melt temperatures were reduced to values similar to secondary
melt peaks in uncross-linked samples. Melt temperatures of the higher functionality networks at
the same cross-link density were further reduced. Though network topology had little effect on
swelling, the location and type of cross-links led to variation in crystallinity and melt temperature.

2.2 Introduction
It is well-known that chemical cross-linking effectively enhances the mechanical properties
of amorphous or rubbery polymer systems. For example, the tensile strength of ethylenepropylene-diene rubber increases with cross-link density.

13

. Similarly, tendons are toughened

through cross-linking. 14. Indeed, the correlation between mechanical properties and cross-links in
amorphous polymers is well-documented 15, 16.
8

Less understood is the influence of cross-linking in crystallizable polymers. If cross-linking
inhibits or hinders crystallization, the presence of cross-linking may have a deleterious effect on
mechanical properties. 6, 17. However, if cross-linking can be used to control crystallization, it may
offer a means to tune degradation rates of resorbable polymers. 6, 18.
One of the most widely-used semi-crystalline and resorbable polymers is poly(lactic acid),
or PLA. Its popularity stems from many features. First, PLA (which has a glass transition
temperature between 45 ˚C and 60˚C and a melt temperature between 150˚C and 162˚C) can be
easily printed making it ideal for high detail additive manufacturing applications19-21. Second, PLA
is hydrolyzable, and its degradation products are non-toxic and safely absorbed in vivo.
Consequently, it has found much application in drug delivery and tissue engineering, as well as
single use plastic manufacturing6, 22. In particular, PLA is used in time release formulations and as
resorbable scaffolds for the growth of three dimensional cell constructs23. Further, because it
degrades under both enzymatic and aqueous conditions, it is also researched as a manufacturing
material for single use plastics22, 24.
Expanded use of PLA, however, requires tunable properties. Degradation rates control the
flux of drugs into the body and determine allowable growth rates for top down tissue engineering
applications25. Mechanical properties must also be tailored to allow both low and high modulus
applications associated with common plastics 6. Tunability is currently achieved through a number
of means including copolymerization, adjusting the ratio of D/L enantiomers, and altering chain
architecture.26.
In this work, we explore of the use of cross-linking to modify the crystallization properties
of PLA. To this end, modular, ɑ,ɷ-ene functionalized lactic acid oligomers or prepolymers were
cross-linked via near click thiol-ene chemistry 8 9. Briefly, ɑ,ɷ hydroxy-terminated PLA oligomers

9

were synthesized using diol initiated ring opening polymerization10. Additionally, the hard to
remove, toxic, traditional metal catalyst generally used in ring opening of lactide was replaced
with an organic 4-(N, N Dimethylamino)pyridine (DMAP) catalyst.

11, 12

. The hydroxyl groups

were subsequently converted to vinyl groups with acryloyl chloride.
Networking was achieved by one of two mechanisms: 1) Directly polymerizing the vinyl
end groups to form disordered networks; 2) cross-linking the vinyl end groups to multifunctional
thiols to form ordered networks. This system permits straight-forward insights between polymer
length between cross-links, cross-link functionality, and crystallinity. While cross-linking does not
affect modulus at room temperature (below the glass transition temperature); it does interfere with
chain packing and reduces the efficiency of chain folding and crystallization. As cross-link density
was increased (by controlling cross-linker functionality and the distance between cross-links),
crystallization rates were arrested, and the maximum crystallinities were reduced. Further, chain
connectivity induced network strain resulted in lower melt temperatures.

2.3 Methods
2.3.1 Synthesis of ,-ene Terminated PLA
L-lactide, dichloromethane (DCM), ethylene glycol, acryloyl chloride, triethylamine, and
DMAP were purchased from Fischer Scientific. Precursor ,-OH terminated PLA polymers were
synthesized by dissolving 6 g Lactide in 30 mL DCM and a proportional amount of ethylene glycol
(depending on the desired molecular weight). The resulting solution was degassed in repeated
freeze-pump-thaw cycles. One gram of DMAP was added during the first freeze cycle. After
degassing, the reaction was allowed to proceed at room temperature under nitrogen for twentyfour hours. N-hexane was used to extract the polymer. Samples were washed with water to remove
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the catalyst and characterized with a Varian Unity Innova 400 nuclear magnetic resonance
spectrometer (NMR).

,-ene terminated PLA (Figure 2.1) was subsequently synthesized by dissolving the
hydroxy-terminated PLA in DCM with excess acryloyl chloride. A one percent solution of
triethylamine and DCM was prepared and dripped in slowly. The reaction was stirred at 0oC for
10 hours. DCM was removed by vacuum and excess reactants were washed away with distilled
water. The extent of functionalization was assessed with both NMR and FTIR (Perkin Elmer
Spectrum Two Fourier transform infrared spectrometer). Occasionally this reaction was repeated
until the area ratio of the 810 cm-1 vinyl peak to the 1750 cm-1 carbonyl peak from FTIR analysis
reached a steady value 27. After successful functionalization, NMR peaks at  = 5.8 ppm, 6.2 ppm,
and 6.4 ppm were observed that are associated with the vinyl hydrogens, as shown in Figure 2.2.
Samples were prepared with molecular weights between 5 and 20 kg/mol. The yield of
each reaction was 85-95%. Molar masses were verified with an Agilent Technologies gel
permeation chromatography instrument (GPC) using a polystyrene calibration (Table 1).
2.3.2 Cross-linking of ,-ene Terminated PLA
Trimethylolpropane tris(3-mercaptopropionate) (three-arm thiol) and pentaerythritol
tetrakis(3-mercaptopropionate) (four-arm thiol) were purchased from Sigma Aldrich. Dargacure
and chloroform were purchased from Fischer Scientific. ,-ene terminated PLA was dissolved
with two molar percent Dargacure in chloroform. Polymer solutions were prepared at 0.5, 0.25,
and 0.125 g/ml. Thiols were added in stochiometric amounts to create ordered networks of
functionality three and four. Disordered networks were also prepared without the addition of any
cross-linker.

11

Samples were injected into silicone molds and fixed between glass slides. Samples were
exposed to 365nm UV light from both sides using Thor labs M365LP1 and SOLIS-365C UV lamps
for five minutes. Samples were left overnight for the solvent to evaporate.

Figure 2.1: Reaction Scheme for the Synthesis of a Novel, Modular, Photo-Crosslinkable Form of
PLA
2.3.3 Swelling Studies
Samples were then swelled in twenty milliliters of chloroform for two days. They were
weighed in the swollen form, evaporated of solvent by vacuum, and weighed again. This process
was repeated until the dry mass obtained a steady value. In all cases, the total mass lost was less
than 10%. The exceptions were the 20,000 g/mol samples and the 15,000 g/mol samples at 0.125
g/ml, which had mass losses in excess of 10% and therefore were discarded from the swelling and
crystallinity studies.
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Figure 2.2: NMR of the Functionalized Polymer
Table 2.1: Molecular Weights and Dispersities of ,-ene Terminated PLA
Nominal Name

GPC Mw Range
(kg/mol)
5.6-6.6

Dispersity

PLA 5

Predicted Mw
(kg/mol)
5,000

PLA 10

10,000

9.0-9.7

1.3

PLA 15

15,000

15.2-15.4

1.3

PLA 20

20,000

21.2-21.8

1.2

1.3

2.3.4 Mechanical Characterization
Stiffness and hardness of cross-linked samples were determined by nano-indentation. A
Hysitron Triboscan nano-indenter was used with a Berkovich tip. Indentations were performed
according to the ATSM standard for plastics. 0% crystallinity was verified using DSC analysis for
all samples before testing. Five different points across the surface were analyzed for each sample.
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2.3.5 Crystallization Studies
Crystallinity was assessed using a Texas Instruments 2500 differential scanning
calorimeter (DSC). DSC measurements were carried out with a 10oC/min ramp from 20oC to
200oC. Experiments were performed immediately after preparation. Tests were also performed
after annealing in the absence of oxygen for variety of time periods up to twenty days at
temperatures between 25oC and 110oC.

2.4 Results and Discussion
A range of ,-ene terminated PLA polymers spanning five to twenty kg/mol were
synthesized using the organic catalyst DMAP. Polymerization was initiated with ethylene glycol.
Polymers were end functionalized with acryloyl chloride to allow for network formation. Ordered
networks were formed by exposing polymers to 365 nm UV light in the presence of multi-arm
thiols and Dargacure. Stochiometric ratios were used. Disordered networks were formed using the
same procedure in the absence of the thiol cross-linkers. The cross-linking schemes are given in
Figure 9.
The extent of cross-linking was characterized with FTIR. Time trials were conducted for
both ordered and disordered networks. As exposure to UV light in the presence of Dargacure
increased the vinyl peak at 810 cm-1 was seen to disappear indicating that the cross-link formation
consumed the vinyl groups (Figure 2.4a). Networks formed in the presence of the thiol crosslinkers formed much faster than the disordered networks (Figure 2.4b). Thus, when thiols are
present, the thiol-ene reaction dominates vinyl polymerization and ordered networks are formed.

14

Figure 2.3: Disordered and Ordered Networks Produced for Experiment 1
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Samples were prepared with each molecular weight for all three topologies at PLA
concentrations of 0.5, 0.25, and 0.125 g/ml. As networks formed, the entire sample gelled. No
solvent was lost. Samples were repeatedly swelled in chloroform until both dry and swollen masses
were constant. Networks retaining less than 90% of their original mass were discarded from the
study. The degree of swelling (defined as S = 𝑉𝑠𝑤𝑜𝑙𝑙𝑒𝑛 ⁄𝑉𝑑𝑟𝑦 ) is reported in Figure 11 vs. the
number of polymer chains 𝑛𝑐 per unit volume at the time of cross-linking, defined as, or the
reference chain density. All samples swelled between values of ~5 and ~30 depending on 𝑛𝑐 ⁄𝑉𝑜 .
To interpret these findings, the equilibrium degree of swelling of an affine network is routinely
modeled with the Flory-Rehner equation: 28-33
1

𝑣𝑠 𝑛𝑐 2 𝜙
𝜙 3
𝜙 + ln(1 − 𝜙) +𝜒𝜙 2 =
[ ( )−( ) ]
𝑉𝑜 𝑓 𝜙𝑜
𝜙𝑜

(1)
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1

where 𝜙 = 𝑆 is the volume fraction of the polymer at equilibrium, 𝑣𝑠 is the molecular volume of
the solvent, 𝑓 is the functionality of the cross-linker, 𝜒 is the Flory-Huggins interaction parameter
and 𝜙𝑜 is the volume fraction of polymer at the time of cross-linking, which is the reference or
stress free state. While the Flory-Rehner equation is implicit in 𝜙, equilibrium is governed by two
opposing forces: the thermodynamic force of mixing (the left-hand side of Eq. 1) and the retractive
force induced by deformation of the polymer chains upon swelling (the right-hand side of Eq. 1).
To simplify the above equation, we take the limit as 𝜙 → 0 when 𝜒 = 0 (or good solvent
conditions). The first two terms in the expansion lead with orders of 5/3 and 7/3 in 𝜙.
5

1

𝜙0 3

𝜙3 (

2

7

) + 𝜙3 (

1
1
𝑓𝜙0 3

)≃

𝑣𝑠 𝑛𝑐
𝑉𝑜

(2)

Hence, to first approximation, the degree of swelling scales with the reference chain density to
the -3/5 power with a small correction for the reference volume fraction is:
3

𝑛𝑐 −5 1
𝑆 ∝ ( ) 𝜙𝑜5
𝑉𝑜

(3)

The -3/5 power-law is shown in Figure 2.5, which agrees relatively well with the data (R2
values above .90 with the exception of the no thiol at low chain densities). There are two items to
note. First, the reference chain density, 𝑛𝑐 ⁄𝑉𝑜 , represents elastically active chains that are
incorporated between cross-links. Second, the degree of swelling in the leading term of Eq. 2 does
not depend on chain connectivity (or cross-linker functionality), which is supported by the swelling
data for samples that have a reference chain density above 0.1 mm.cm3. At lower values of the
reference chain density, the samples that are cross-linked with the 3-arm and 4-arm thiols are close
in swelling. The samples that are cross-linked without the thiol show notably lower values of
swelling, which we interpret as a lower fraction of elastically active chains that were incorporated
into the network (meaning a larger fraction dangling ends compared to the thiol samples. )
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Prepolymers and networks were analyzed using differential scanning calorimetry. DSC
measurements were carried out with a ramp of 10oC/min from 20oC to 200oC. Representative
results for experiments performed immediately after preparation are given in Figure 2.6.
Crystallization and melt endotherms indicate the occurrence of cold crystallization in uncrosslinked samples 34. The doublet melt peak suggests the formation of primary and secondary crystals
which melt at slightly different temperatures. The absence of these endotherms on cross-linked
samples suggest completely amorphous networks. Cross-links seem to interfere with the
crystallization process.
100

3arm Thiol
4arm Thiol

Swelling Ratio

No Thiol
Power (-3/5)

10

0.0100

0.1000
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1
1.0000

Chain Density (nc/vo) (mmol/cm )

Figure 2.5: Swelling Ratio in Chloroform versus Chain Density Follows -3/5 Power Law
To investigate this, annealing experiments were conducted between 25oC and 110oC in the
absence of oxygen. DSC measurements were taken at various time intervals up to twenty days.
Crystallinity was determined by comparing the measured melt peak to the theoretical melt peak of
100% crystalline PLA35.
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Crystallization kinetics is generally modelled with the Avrami equation 36:
𝑋 = 1 − 𝑒 −𝐾𝑡

𝑛

(4)

where X is the fraction transformed at a given temperature, t is the time of transformation, K is the
rate constant, and n is the Avrami exponent. Representative Avrami plots for cross-linked and
uncross-linked samples are given in figure 2.7. The uncross-linked sample has an Avrami exponent
of 2.3 and the cross-linked samples had Avrami exponents closer to 3. The exponent indicates the
growth mechanism of the crystalline regions. Values between 3 and 4 represent three-dimensional
radial growth (spherulite formation). however, the formation of secondary crystalline regions
impinges on radial growth decreasing the value of the Avrami exponent

37, 38

. This is at least

consistent with the DSC endotherm for the uncross-linked sample which shows the presence of
two distributions of crystals (with melt temperatures centered at 142˚C and 151˚C, respectively).
In contrast, the cross-linked samples only showed a single melting peak indicating the general
absence of secondary crystallization.
All cross-linked samples were annealed until crystallinity plateaued (up to 1-2 months).
The crystallinity is reported in Figure 2.8 vs. the reference chain density, 𝑛𝑐 ⁄𝑉𝑜 at cross-linking,
the same parameter used in the Flory-Rehner analysis of the cross-linked samples. Unlike the
swelling data, however, the effect of topological differences on crystallization is clearly observed.
At low reference chain densities, networks behave similarly to uncross-linked samples,
crystallizing to approximately 70%. As the reference chain density reaches 0.05 mmol/cm^3, all
networks experience a slight reduction in the achievable crystallinity (50-65%). However, above
this value of 0.05 mmol/cm^3, crystallization in the 4-arm thiol networks is highly impeded. The
3-arm thiol networks must reach a reference chain density of 0.1 mmol/cm^3. before crystallinity
is impeded, and the networks cross-linked without thiol need to reach a reference chain density of
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0.2 mmol/cm^3 before crystallization is impeded. Note that these results represent 4 different
molecular weights for each type of network, each of which collapse to a single curve for each type
of cross-linker when plotted in terms of 𝑛𝑐 ⁄𝑉𝑜 .
In all cases, as the distance between cross-link sites is reduced, crystallization is hindered.
It is assumed that cross-links restrict chain movement, which impinges on the growth of spherulitic
regions. Furthermore, as functionality of the cross-linker is increased, the topology of the network
is more effective in impinging spherulite growth.

Heat Flow (W/g)
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0.5
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0
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-1
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Temperature (C)
Figure 2.6: Representative DSC for Cross-linked and Uncross-linked Samples of PLA 15 at 0%
Crystallinity
To test this hypothesis, Figure 2.9 shows the decrease in the melt temperature, or Δ𝑇𝑚𝑒𝑙𝑡 ,
(referenced to 151 ˚C) of all networked samples that crystallized as a function of the degree of the
crystallization. The 151 ˚C refers to the highest melt temperature in the uncross-linked samples.
The melt temperature of all 3 network topologies (4-arm, 3-arm, and no thiol) all overlap up to
approximately 50% crystallinity. Melt temperatures were approximately 20 – 40 ˚C less than the
melt temperature of the uncross-linked polymers, presumably due to the restricted mobility via of
pinning chain ends to cross-link centers. Such pinning is expected to prevent both spherulite
growth and to hinder equilibrium alignment of chains within the crystalline domain39, 40.
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Figure 2.7: Representative Avrami Plots for Cross-linked and Uncross-linked Samples
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At the highest degrees of crystallinity (> 50 %), a clear deviation is observed in the 3
topologies. Here, the 4-arm thiol networks have a Δ𝑇𝑚𝑒𝑙𝑡 of 10 degrees below the uncross-linked
polymers. Interestingly, this value also coincides with the first melt temperature peak in the DSC
endotherm of the uncross-linked polymer. In the 3-arm thiol network, this value is reduced to 2
˚C, and the no-thiol network, the melt temperature is nearly the same as the second melt
temperature peak in the DSC isotherm of the uncross-linked polymer.
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Figure 2.9: Change in Melt Temperature versus %Crystallinity
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2.5 Conclusions
A first of its kind modular, photo-cross-linkable form of networked PLA was introduced
in this study. Ordered networks with thiols and disordered networks without thiols were created
when samples were exposed to UV light. Cross-links were formed through prepolymer end groups
allowing chain length, prepolymer concentration, and cross-linker functionality to control crosslink density. It was found that samples with consistent microstructures were always stiffer when
cross-link density was increased, however, this trend was not seen across different microstructures.
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Cross-link molecules, on the other hand, can be varied without affecting this trend as long as the
overall structure of the molecular network remains the same.
Ordered thiol-ene PLA networks can be created with specific mechanical and possibly
degradative properties. The modular nature of the design allows prepolymers of different length
and cross-linkers of different functionality to be inserted into the network to control degradation
and strength. Further, concentration can be adjusted for finer control. These networks can then be
used as time release pills with a variety of dosing options or tissue engineering scaffolds for cells
with a variety of growth rates. Further still, single use plastics with a range of different strengths
can be replaced with this environmentally safe degradable network24.
Additionally, cross-links were also found to limit and slow the crystallization process.
Cross-linked samples required higher temperatures to crystallize indicating a higher activation
energy. Further, increased cross-link density was found to reduce the max crystallinity of the
polymer indicating aggravated mobility. The aggravated mobility induced network strain which
resulted in lower melt temperatures. The effect on crystallinity is noteworthy since degradation
and mechanical properties are extremely sensitive to crystallinity6. The cross-linked networks
resistance to the crystallization process allow them to maintain their properties at higher
temperatures for longer times.
In summary, the photo-cross-linkable PLA synthesized in this work demonstrated that the
trend between cross-link density and mechanical properties requires a consistent microstructure.
Ordered thiol-ene networks provide this consistent architecture despite the use of different crosslinking molecules. Thus, PLA networks with desired mechanical and degradative properties can
be created. Lastly, since cross-linked networks resist the crystallization process, their properties
are maintained at higher temperatures and for longer times.
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Chapter 3: Modular, Photo-Crosslinkable Poly(Lactic Acid) System Provides Two
Parameters for Degradative Control: Crystallinity and Chain Length
3.1 Chapter Abstract
Controlled degradation of bio- and eco-safe poly(lactic acid) have the potential to
revolutionize non-degradable single use plastics and drug delivery. Crystallization, a wellestablished parameter for controlled degradation, is more effectively exploited in cross-linked
samples. Cross-linked samples resist changes to crystallization better than their uncross-linked
counterparts. Here, studies show, that the variable degradation rates resulting from increased
crystallization in uncross-linked samples can be remedied by the use of cross-links. Further, the
networks prepared in this work are made from modular, photo-cross-linkable form of PLA.
Various molecular weights can be cross-linked together to provide another mode of degradative
control.

3.2 Introduction
Biodegradable polyesters are starting to replace non-degradable single use plastics and to
serve as mediums for in vivo controlled drug delivery. Cups and cutlery composed from polyester
blends are already commercially available and can be composted in as little as 180 days41. Further,
metallic scaffolds known as stents have been combined with polymers and immunosuppressive
drugs to prevent obstructive coronary artery disease since the early 1990s. Drugs like rapamycin
or Paclitaxel are released from polymer coatings after implantation to prevent stent thrombosis and
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late in-stent restenosis. Formulations of the polymer/drug matrix allow for controlled release for a
variety of time frames from ten days up to six weeks42.
Polyesters degrade into environmentally and medically safe byproducts, and production
from recycled products results in significant energy savings4, 7. Among these polymers, poly(lactic
acid) has been studied extensively because potential routes exist to overcome the many
shortcomings associated with biodegradable polymers (mechanical brittleness, low heat resistance,
and poor melt properties)5.
Enzymatic and hydrolytic degradation of PLA occurs in two stages. First, water diffuses
into the amorphous regions where chains are cleaved at the ester bonds randomly. The more
hydrophobic crystalline regions, however, resist water penetration. Thus, chain scission occurs
from the edge towards the center43.
PLA degradation studies are generally conducted for about a year at room temperature due
to the slow rate of water penetration into semi-crystalline polymers. Luo reports only 7.5% water
absorption at 55 weeks in an aqueous environments for 2cm3 samples at 37oC44. Degradation can
be accelerated at higher temperatures and studies conducted at 60oC are reported to increase the
rate by a factor of 445.
Internal mechanisms for degradative control include acid/base excipients, polymer blends,
copolymerization, molecular weight, and crystallinity. Both high and low pH levels catalyze the
cleavage of ester bonds leading to faster degradation rates. Acids or bases are incorporated into
the matrix to regulate pH as degradation occurs46-48. The introduction of other polymers via blends
or copolymerization inhibits crystallinity leading to faster degradation times49, 50. At low molecular
weights, faster degradation times are also observed. Lastly, increasing crystallinity has been shown
to slow the degradation process51. External mechanisms for control have also been studied
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including ultrasound and ultraviolet light. However, in vivo use of these mechanisms generally
require the mode of action to cross the skin barrier which can be complicated 5, 52.
Cross-linked samples of PLA have been shown to resist crystallization. This is of particular
interest since crystallinity can change as degradation occurs leading to variable degradation rates5,
53, 54

. Cross-linked samples remain amorphous even after prolonged exposure to temperatures

above the glass transition temperature (Tg). This should lead to consistent degradation of the PLA
matrix. Further, cross-linking has been theorized to improve the mechanical properties of
polyesters55. This chapter explores possible avenues for degradative control of PLA networks
including cross-link density, network topology, and crystallinity.
Here, PLA was synthesized using an organic catalyst in a range of molecular weights
spanning 5 and 15 kg/mol. Pre-polymers were modified with vinyl end groups as outlined in our
previous work. Ordered networks were formed containing multi-arm thiols as cross-linkers, while
disordered networks were formed without additional molecules. Samples were annealed under
vacuum above the glass transition temperature to initiate the crystallization process. Crystallinity
was assessed using differential scanning calorimetry (DSC). Samples were then exposed to
simulated body fluid as outlined by Tas for a period of twelve weeks56. Samples were dried and
massed at two-week intervals.
All samples were completely amorphous before annealing. DSC measured crystalinities
around 70% for all uncross-linked samples after annealing. Samples cross-linked from
prepolymers of low molecular weight (resulting in high cross-link density) showed no crystallinty
after the annealing period. Crystallinity was induced in some of the larger molecular weight sample
at higher annealing temperatures. Differnces in crystallinity resutling from the different network
schemes aligned with results in our previous work.
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Annealing had a dramatic effect on the degradation of uncross-linked samples. In 10 weeks,
many non annealed samples degraded into small chunks, while all crystalline samples remained
intact. Cross-linked samples which showed no crystallinity after annealing degraded exactly as
samples that were not annealed. Cross-linked samples which showed some crystallization did
degrade slower than their non annealed counterparts, but the effect was completely determined by
crystallinity.
Networking had no effect on degradation. Uncross-linked and cross-linked samples with
the same crystallinity degraded the same as lon as crystallinity was kept constant. However, some
uncross-linked samples showed increases in crystallinity after week 8. This led to a decrease in
degradation rate and a deviation from the cross-linked samples.

3.3 Methods
3.3.1 Synthesis of ,-ene Terminated PLA
Prepolymers were prepared in two stages. Briefly, PLA was synthesized from lactide using
a ring opening polymerization procdure. The reaction was catalyzed by 4-Dimethylaminopyridine
(DMAP). Prepolymers were end capped with vinyl groups using acryloyl chloride. For a more
detailed syntheis procedure please see section 2.2.1.
Polymer molecular weight was determined by gel permation chromotography (GPC).
Dispersity and molar mass are given in Table 3.1.
3.3.2 Network Formation and Annealing Procedure
Both disordered and ordered networks were formed by exposing solvated polymers to UV
light in the presence of irgacure. Ordered networks used three and four arm thiols as cross-linkers
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while disordered networks were formed by the polymerization of the vinyl end groups alone. For
a more detailed network formation procedure please see section 2.2.2.
Networks were prepared from each molecular weight in each of the three networking
schemes (Figure 3.1). Samples were annealed in an oven and temperatures above the Tg and below
the Tm in the absence of oxygen to desired crystallinities.

Table 3.1: Molecular Weights and Dispersities of ,-ene Terminated PLA
Nominal Name

GPC Mw Range
(kg/mol)
5.6-6.6

Dispersity

PLA 5

Predicted Mw Range
(kg/mol)
5,000

PLA 10

10,000

9.0-9.7

1.3

PLA 15

15,000

15.2-15.4

1.3

1.3

Figure 3.1: Ordered and Disordered Networks Produced for Experiment 2

28

3.3.3 Determination of Crystallinity
Crystallinity was assessed on a Texas Instruments differential scanning calorimeter (DSC).
Samples were equilibrated at 20oC and then stepped through temperatures up to 200oC at a rate of
10oC per minute. Percent crystallinity was determined by comparing the difference between the
melt and crystallization enthaplies to the melt enthalpy of purely crystalline PLA.
3.3.4 Degradation Study
Simulated body fluid was prepared as outlined by Tas56. Samples were placed in a volume
of 20ml of simulated body fluid and left in a cell incubator at 37oC for two weeks. Both humidity
and oxygen levels were strictly maintained. Before week 8, samples were dried under vacuum at
room temperature. After week 8, the temperature was increased to to 60oC for drying. Dry samples
were characterized by a change from opaque to transparent. Samples were massed. The experiment
was repeated until samples broke up into chunks which would have changed the degradation
characteristics. Three trials were conducted, two for 10 weeks and one for 12 weeks, for amorphous
networks. One 12 week trial was conducted for semi-crystalline samples and amorphous uncrosslinked samples. The ten weeks trials were conducted concurrently. Though generally degradation
experiments on PLA are conducted for one year, these trials ended early because the majority of
samples broke into chunks changing reaction conditions. Table 3.2 summarizes the samples
degraded in each trial. Note that NoT represents the disordered networks formed without thiol
cross-linkers, 3T represents the ordered network formed with the three arm thiol cross-linker, and
4T represents the ordered network formed with the four arm thiol cross-linker.
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Table 3.2: Samples Degraded in Trials 1,2, and 3
Chain
Length
PLA 5
PLA 5
PLA 5
PLA 5
PLA 5
PLA 5
PLA 5
PLA 10
PLA 10
PLA 10
PLA 10
PLA 10
PLA 10
PLA 10
PLA 10
PLA 10
PLA 10
PLA 15
PLA 15
PLA 15
PLA 15
PLA 15
PLA 15
PLA 15
PLA 15
PLA 15
PLA 15
PLA 15
PLA 15
PLA 15
PLA 15
PLA 15
PLA 15

Concentration
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml
.5g/ml

Network Scheme
Uncross-linked
Uncross-linked
Uncross-linked
Uncross-linked
NoT
3T
4T
Uncross-linked
Uncross-linked
Uncross-linked
Uncross-linked
NoT
NoT
NoT
3T
3T
4T
Uncross-linked
Uncross-linked
Uncross-linked
Uncross-linked
Uncross-linked
NoT
NoT
NoT
NoT
3T
3T
3T
3T
4T
4T
4T

%Crystallinity Before
Degradation
0
10
50
70
0
0
0
0
20
50
70
0
20
50
0
20
0
0
10
30
50
70
0
10
30
50
0
10
30
50
0
10
30

Trials
Conducted
1
1
1
1
3
3
3
1
1
1
1
3
1
1
1
1
3
1
1
1
1
1
3
1
1
1
3
1
1
1
3
1
1

30

3.4 Results and Discussion
Functionalized PLA networks formed through procedures developed in our previous work
allow for tight knit control of cross-link density, network topology, and crystallinity. To explore
the control these parameters have on degradation several experiments were conducted.
Please see our previous work for a more detailed synthesis procedure, but briefly, A range
of ,-ene terminated PLA polymers spanning five to fifteen kg/mol were synthesized using the
organic catalyst DMAP. Ordered networks were formed by exposing polymers to 365 nm UV light
in the presence of multi-arm thiols and Irgacure. Stochiometric ratios were used. Disordered
networks were formed using the same procedure in the absence of the thiol cross-linkers. The
cross-linking schemes are given in Figure 3.1.
In this model, the distance between cross-links within the network is determined by the
length of the PLA polymer. Two networks of each cross-link scheme were formed using PLA5,
PLA10, and PLA15. Samples were swelled in a good solvent until the dry mass was constant. Final
networks were rectangular with roughly the same dimensions (volume ~ .3ml). DSC analysis
showed all samples were amorphous after formation.
Dry samples were then placed in 20ml of simulated body fluid and left in a cell incubator
at 37oC. Both humidity and oxygen levels were tightly controlled to simulate in vivo conditions.
Within five hours, a change in opacity was noted. Initially, samples were transparent with a slight
yellow tint. After penetration by SBF, samples turned a solid white. After two weeks, the sample
was removed and dried under vacuum at 25oC until transparency returned. The samples were
massed, and the degradation study was continued for ten weeks. After eight weeks however, fluid
could not be removed from the samples at temperatures below the glass transition temperature.
Thus, after the eight-week mark, samples were dried in a vacuum at 60oC until transparency
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returned. After the ten-week period, crystallinity was again determined through DSC analysis.
Percent crystallinity remained zero throughout the experiment.

Penetration of SBF

Figure 3.2: Penetration of SBF Changes Sample from Transparent Yellow to Opaque White

The distance between cross-links provided good control of PLA degradation after week 6
(Figure 3.3). Ester bonds are subject to hydrolytic attack when exposed to SBF, however, the
hydrophobic nature of PLA slows the penetration of hydrophilic SBF into the matrix43. Networks
formed from small polymer chains degrade more quickly which suggest that SBF penetrates them
more easily.
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Figure 3.3: Degradation as a Function of Prepolymer Chain Length (10 Week Trials)
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The data given in figure 3.3 revealed very consistent degradation of PLA networks. New
polymers were synthesized, and the experiment was repeated for twelve weeks. Data remained
highly consistent. This is given in Figure 3.4. Statistical analysis suggests that chain length is a
very good control parameter for network degradation. One way analysis of variance revealed that
F values for PLA 5 compared to PLA 10 was 56.5, PLA 10 to PLA 15 was 89.78, and PLA 5 to
PLA 15 was 272.44. These were compared to critical F values of 4.49, 4.54, and 4.54 respectively,
resulting in P values on the order of 10-6 or smaller. Thus, with greater than a 99.9% confidence,
it can be said that different prepolymer chain length led to different degradation responses.

Figure 3.4: Degradation as a Function of Prepolymer Chain Length (10 and 12 Week Trials)

Interestingly, statistical analysis revealed that network topology did not have significant
effects on degradation (Figure 3.5). At all time frames, the means for the residual mass were not
significantly different when categorized by topology. (The exception being week 4 for PLA15.
The uncross-linked sample for this one data point rejected the null hypothesis with a p-value
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greater than 90%. This is most likely due to the low number of trials.) Though higher functionality
cross-linkers lead to higher cross-link densities, they do not slow down the penetration of SBF. In
fact, even the uncross-linked sample of PLA 15 degraded at the same rate as the cross-linked
samples. This suggest that degradation is proportional to chain length and that networking has no
effect. In PLA 5 and PLA 10, there is a difference between the degradation of the uncross-linked
samples and the networks, however, this is due to the lower molar mass. The entanglement
molecular weight for PLA is around 9000 g/mol57. Polymer chains below this value are too short
to coil. As a result, polymers slide past each other and let solvent in readily. Our data suggests that
cross-links can be used on polymer chains below the entanglement threshold to avoid this
phenomenon and slow degradation.
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Figure 3.5: Degradation as a Function of Network Topology in PLA 5
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Figure 3.6: Degradation as a Function of Network Topology in PLA 10
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Figure 3.7: Degradation as a Function of Network Topology in PLA 15
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The last avenue of degradative control explored was crystallinity. As cross-linked samples
resist crystallization, they maintain percent crystallinity as degradation occurs. Samples were
annealed to certain percent crystallinities under vacuum and then degraded in SBF as described
earlier. Uncross-linked samples showed dramatic changes in degradation as percent crystallinity
was increased (Figure 3.6). Non-annealed samples of PLA 5 and PLA 10 degraded completely,
and crystallinity could not be assessed at the end of the experiment. The non-annealed sample of
PLA15 which had a percent crystallinity of zero at the beginning of the experiment showed 8%
crystallinity at the end of the degradation study. Annealed samples of PLA 10 and PLA15 remained
at 70% crystallinity for the duration of the study. This is because this is the max crystallinity of
PLA. The annealed sample of PLA 5, however, degraded too much to assess crystallinity after the
study.
With the exception of PLA 5, samples at 70% crystallinity did not degrade at all.
Crystalline structures of PLA resist the penetration of hydrophilic solvents such as SBF better than
their amorphous counterparts. Two weeks may not have been enough time for much penetration
to occur in the crystalline samples. The fact that these samples turned transparent quickly upon
drying reinforces this hypothesis. Amorphous samples, however, degraded readily. PLA 5, despite
being crystallized, degraded readily because of the lower molar mass. It is so far below the
entanglement threshold of PLA that crystallization did not make a difference in degradation.
PLA 10 is more interesting. Looking at Figure 3.5, the uncross-linked amorphous sample
of PLA 10 degraded faster than its networked counterparts of the same crystallinity. PLA 15, on
the other hand, degraded the same regardless of networking. This was explained in part due to
10,000 g/mol being too small to entangle. However, when crystallized, PLA 10 behaves more like
the entangled polymer PLA 15 than the unentangled PLA 5. Crystallization adds stability to the
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structure limiting the chain sliding which would generally allow the SBF to penetrate the sample
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Figure 3.8: Degradation as a Function of Crystallinity in Uncross-linked Samples
Networks were also annealed to various levels of crystallinity and then degraded. Since
networks have different max crystallinities, not all percent crystallinities could be achieved with
all networks. The data is given in figure 3.7. As crystallinity is increased, there is a decrease in
degradation rate for all samples. Further, it seems that degradation rate is dependent on crystallinity
and molecular weight of the polymer chain alone. Regardless of cross-linking topology, networks
formed from the same polymer chain at the same crystallinity degraded similarly. (Again, the only
exception is PLA 5 which is due to the low molar mass.)
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Figure 3.9: Degradation as a Function of Crystallinity in PLA 5. (U = Uncross-linked, NoT =
Disordered Network, 3T = Three arm ordered network, 4T = 4arm ordered network. Parentheses
indicate the crystallinity at the end of the degradation experiment if the value changed.)
For sample PLA 10 with crystallinity 20% and sample PLA15 with crystallinity 30% there
is a slight difference noted in degradation. Although the uncross-linked sample starts off degrading
similar to their respective networked counterparts, deviations begin around week 10. Crystallinity
was assessed before and after the degradation experiments. Cross-linked samples did not change
in crystallinity but uncross-linked samples did. Uncross-linked PLA 10 jumped from 20 to 55%
crystallinity, while PLA 15 increased from 30 to 58%. This increase ins crystallinity slowed and
eventually stopped degradation from occurring. The increased crystallinity prevented the SBF
from penetrating the sample and slowed degradation. This is more clearly depicted in figure 3.8.
While it is well documented that uncross-linked PLA of lower molar mass will crystalize
over time, it is hard to attribute the amount of crystallization to this. Since samples were dried at
temperatures above the glass transition temperature after week 8, it is likely that part of the
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crystallization occurred during the drying process. Still, uncross-linked, samples underwent the
same drying process. Their crystallinities and degradation pattern remained unchanged for the
course of several experiments. Statistical analysis was not performed on these results as only one
trial for each category was tested, however, the results are at the very least, suggestive of trends.
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Figure 3.10: Degradation as a Function of Crystallinity in PLA 10. (U = Uncross-linked, NoT =
Disordered Network, 3T = Three arm ordered network, 4T = 4arm ordered network. Parentheses
indicate the crystallinity at the end of the degradation experiment if the value changed.)
Cross-linked samples provide a better avenue for degradative control. Cross-linking
polymer chains seems to have very little effect on degradation. However, with cross-linked
samples, crystallinity can be set and maintained, thus adding a parameter for control not available
in uncross-linked samples of PLA. Also, cross-linking proved able to stabilize the structure of
samples with molar masses lower than the entanglement threshold. Samples too small to entangle
can be cross-linked to slow the degradation rate.

39

PLA 15

100
U, NoT, 3T 50%,70%

Percent of Mass Remaining

90

U, 30% (58%)

80

NoT, 3T, 4T, 30%
70
60
50
All Topologies 0%, 10%
40
0

2

4

6

8
10
12
14
Weeks
Figure 3.11: Degradation as a Function of Crystallinity in PLA 15. (U = Uncross-linked, NoT =
Disordered Network, 3T = Three arm ordered network, 4T = 4arm ordered network. Parentheses
indicate the crystallinity at the end of the degradation experiment if the value changed.)
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Figure 3.12: Degradative Variation between Cross-linked and Uncross-linked
Samples in PLA 10
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Figure 3.13: Degradative Variation between Cross-linked and Uncross-linked
Samples in PLA 15

12

14

3.5 Conclusions
By varying chain length and crystallinity, degradation can be controlled in networked PLA
similar to how it is controlled in uncross-linked polymers. Networks formed from PLA 5 degraded
to 10% of their original mass after 12 weeks in simulated body fluid under in vivo conditions. PLA
10 degraded to 30% and PLA15 degraded to 60%. Statistical analysis over three different trials
show significant differences in degradation after week 6 with p values less than .001%.
Crystalline samples resisted the penetration of fluid and slowed the degradation of
networks similar to uncross-linked samples. However, during the degradation process, the
crystallinity of uncross-linked samples changed. This changed the degradation pattern. Networked
samples, however, maintained crystallinity throughout the experiments and yielded consistent
degradation patterns. Though crystallinity can be used to control degradation in both cross-linked
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and uncross-linked samples, crystallinity is better controlled in cross-linked samples. Thus,
networking can be used to provide finer control and more consistent degradation patterns.
Interestingly, network topology did not have any effect on degradation. There was no
statistical difference in residual mass between any of the networked samples made from the same
prepolymer. Further, PLA 15 showed no statistical difference in degradation between uncrosslinked and crosslinked samples at the same crystallinity. Networking has little effect on the
degradation of PLA polymers above the entanglement threshold. However, networking can be
used to stabilize polymers below this threshold and prevent solvation. This leads to a more
consistent degradation pattern.
Networking has little effect on degradation, but a large effect on crystallinity. Networking
can be used to stabilize crystallinity, a key parameter for degradation, without altering the
degradation of PLA samples.
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Chapter 4: Future Work: Towards a Controlled Drug Release System
4.1 Motivation and Introduction
Traditional approaches to deliver drugs include oral tablets and syrups, topical creams, and
injectable serums. Drawbacks to these approaches include the need for high dosage, poor
solubility, poor bioavailability, and unintended medical interactions58. Polymer based drug
delivery systems have been researched as a promising avenue in the pharmaceutical field to combat
these issues. Small drugs can be covalently conjugated to polymeric chains or encapsulated in the
drug delivery system59. These systems can then be directly implanted at the site the drug is needed.
The medicine can then be released passively or in response to some stimuli (pH, protein, etc.)60.
Covalently bonding drugs to polymeric chains requires the development of new
chemistries. Often, each medicine requires new reactions to bond the drug to the polymer, new
techniques to purify the drug delivery system, and, as generally the drug and polymer are
chemically modified to create the bond, the system must be rechecked for efficacy and biosafety61.
Drugs encapsulated in the polymer matrix are released as a byproduct of degradation. The flux of
drugs into the body is proportional to the concentration of the drug within the polymer matrix. For
consistent medicinal release, homogenous mixing of the hydrophilic drug and the hydrophobic
polymer is required.
The functionalized PLA developed in thesis can be cross-linked in the presence of
hydrophilic molecules such as antibiotics. The FTIRs given in figure 4.1 show both sugar and an
antibiotic being incorporated into the PLA matrix during the cross-linking procedure. To use this
as a drug delivery system, a few things need to be checked. One, is the drug being incorporate
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homogenously, two, does the drug release as the polymer degrades or does it leach out as solvent
penetrates the matrix, and, three, is the medicine still effective once it exits the polymer matrix.

Figure 4.1: Cross-linking Allows the Uptake of Hydrophilic Molecules such as Antibodies

4.2 A Test for Homogeneity
The procedure for incorporating a hydrophilic substance into the PLA network is
straightforward. The functionalized polymer, the cross-linker, and Dargacure are dissolved in
DCM. The hydrophilic molecule is then dissolved in distilled water. The two solutions are mixed
vigorously, poured into a mold and exposed to UV light. The network is then dried.
To test the homogeneity of the final product, a fluorescent dye will be incorporated into
the network. Generally, in drug delivery experiments, cyanines are used to approximate small
drugs due to their size and hydrophilicity62. Once the sample is dried, various portions will be
ground up and solvated. A spectrometer can be used with Beer’s law to ascertain the concentration
of the dye in the network.
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4.3 Determination of Controlled Release
If the network is implanted in the body, the matrix will be penetrated by body fluid. There
are two mechanisms by which the medicine will be released. First, as SBF penetrates the matrix,
it will dissolve the drug. The drug can then diffuse from the matrix into the body. Also, as the
polymer degrades, the drug will be released. Release needs to be controlled and predictable for
effective dosing.
To test this, samples with fluorescent dyes can be placed into simulated body fluid. The
concentration of the dye in the fluid can be periodically tested using a spectrometer. Hopefully,
based on initial concentrations, a relationship modelling the flux of drugs out of the network can
be established.

4.4 Efficacy of Drug Release System
To assess the efficacy of the drug delivery system, a network will be formed in the presence
of an antibiotic. Bacteria will be cultured in the presence of the network. Efficacy of antibiotic is
generally determined by the zone of inhibition (Figure 4.2). By comparing the area of the zone of
inhibition between the network and the antibiotic alone, and efficacy of the drug delivery system
can be quantized.
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Antibiotic or Network

Zone of Inhibition

Figure 4.2: Zone of Inhibition Quantifies Efficacy of Antibiotic
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Appendix A: Cell Sheet Engineering for Integrating Functional
Tissue in vivo: Successes and Challenges1
A.1 Appendix A Abstract
“Bottom-up” assembly of fully functional cell-based materials has enormous potential for
replicating endogenous tissues. Currently, most tissue-engineering strategies are based on
incorporating dissociated cells into an artificial three-dimensional matrix of supportive structural
elements that direct cellular migration, proliferation, and organization. The matrix provides “topdown” guidance cues that impose assembly directions on the cells; however, the matrix also
competes for space and limits fully functional, cell-dense tissues. This review focuses on bottomup fabrication of functional tissue by cell sheet engineering. Cell sheet engineering is based on the
sequential stacking and adhesion of confluent and organized cell monolayers from twodimensional cell culture without the need for artificial scaffolds or structural intermediates. The
resulting functional cellular monolayers (either individually or as stacked sheets) then can be
directly implanted into living systems. Clinical successes are highlighted as well as attempts to
overcome the vascularization limit often observed in engineered tissues.

From “Cell sheet engineering for integrating functional tissue in vivo: Successes and Challenges,”
by Nicholas Baksh, Nathan Gallant, and Ryan Toomey, 2017, MRS Bulletin: System Integration
of Functionalized Natural Materials, 5, p. 350, Copyright 2017 by Cambridge University Press.
Reprinted with permission
1

51

A.2 Introduction
The direct integration of fully functional, natural cell-based materials as a therapeutic for
damaged endogenous tissue dates back to 2500 BC when Susruta excised skin from one person
and sewed it onto another.1 Tissue engineering aims to develop functional tissue constructs from
cultured cells that can be directly implanted into damaged tissue, either for local repair or for full
replacement. Modern regeneration techniques lie between the two extremes as a means of
integration into living organisms—“top-down” assembly of individual cells and “bottom-up”
assembly of pre-assembled cells. The top-down approach involves seeding cells into threedimensional (3D) scaffolds that guide attachment and proliferation. The bottom-up approach
involves aggregating cells from simple two-dimensional (2D) culture to achieve functional tissue
without the need for an intermediate scaffold.
These extremes exist because functional tissue cannot be regenerated simply by mixing the
requisite cells and allowing them to assemble into structures that possess the higher-order
organization of native tissue with respect to both the spatial distribution of the cells and the
extracellular matrix (ECM). The ECM is a collection of non-cellular components that is formed
during tissue development, providing both biochemical and structural support for the cells.
Consequently, some sort of templating must exist to at least drive initial organization. The simplest
approach to organizing cells is 2D cell culture. This was first achieved in 1910, when a fragment
of tadpole nerve cord was placed into a droplet of frog lymph and new nerve fibers were observed.2
However, 2D culture does not provide the necessary guidance to engender specific tissue
architecture with the level of complexity that replicates developing embryos, wound healing, or
the regeneration activities of living animals.3 This is not entirely surprising, as 2D environments
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(at least those imposed by the ubiquitous petri or agar dishes) are not representative of the cellular
environment found in physiological tissues.
As a result, there has been significant research into 3D cell culture. The first known
example was demonstrated in 1972, when fetal lung fibroblasts were cultured on hydrated collagen
lattices.4 Novel cellular activity was immediately observed. Cells attached and extended within the
lattices unlike their behavior on soft agar. It is now commonly accepted that 3D cell culture has
several advantages over 2D culture with respect to cell proliferation, orientation, cooperation, and
gene expression. For example, 3D cultured cells can up- and down-regulate genes at levels similar
to those found in living organisms. A good example is the 2D and 3D culture of mammary
epithelial cells; 2D culture leads to higher than normal expression of cell adhesion proteins
whereas 3D culture regulates expression levels more closely associated with those found in native
tissues.5
Despite the plethora of research into 3D cell culture, there remains a lack of standards or
universally accepted approaches for achieving functional tissue. The general concept behind most
strategies includes seeding individual cells into degradable scaffolds.6 The cells are expected to
attach and proliferate while simultaneously secreting ECM as the scaffold degrades.7 Scaffolds, in
general, have a wide range of designs from the simple to the complex, where morphology, porosity,
interconnectivity, and stiffness are explicitly controlled. Scaffolds can also have well-controlled
variations in properties (including morphological, chemical, and mechanical) for the engineering
of anisotropic tissues.
Even with this diversity in scaffold designs, clinical successes of top-down engineering are largely
limited to thin tissues such as skin or avascular tissues such as cartilage—for thick tissues, the
major obstacle is mass transport via vascularization.7 The reason for this is that while cells populate
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the scaffold architecture, they do so without forming a vascular network. Thus, all nutrients and
waste must be transported to and from the cells by diffusion.8 Diffusion only provides adequate
metabolite exchange for constructs less than approximately 200-µm thick.9 Moreover, and just as
importantly, the scaffold itself competes for space and limits the growth of cell-dense tissues.
It could be argued that vascularization and cell density are matters related to properly
designing the scaffold. However, it could also be argued that scaffolding strategies are too wide
ranging, and in some cases, too complicated, to be universally adopted. To address this complexity,
cell sheet engineering may offer several advantages over 3D cell culture.

A.3 Cell Sheet Engineering Promises Simplicity of 2D Cell Culture with Benefits of 3D Cell
Culture

Cell sheet engineering is a type of scaffoldless tissue engineering that involves building
functional tissue from cell-dense monolayers with well-formed cell–cell junctions and the ECM.
Cells are initially cultured in two dimensions and then combined layer by layer to construct 3D
tissue (as depicted in Figure A.1).10 Since each layer is cultured as a 2D sheet, vascularization, at
least initially, is unnecessary. Artificial scaffolds are not used in this approach, rendering both their
complex manufacturing procedures and associated complications to cell growth moot. While the
limitations of 2D cell culture have previously been stated, the stacking of the cell sheets creates a
3D environment with preformed ECM that potentially reduces the gap between engineered and
native tissue.
In order for any type of layer-by-layer stacking process to be successfully implanted, the
cells must be removed from the cell culture substrate as an intact sheet. In traditional cell culture,
separating cells from substrates requires digestive enzymes such as trypsin, which cleave surface
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proteins and disrupt proliferation or differentiation of cells.11 Further, the scavenging of divalent
cations with agents such as ethylenediaminetetraacetic acid (EDTA) breaks cell junctions,
separating constructs into individual cells. Hence, traditional methods cannot be used to harvest
intact cell sheets.12
Okano et. al. first showed that culturing cells on a thin responsive polymer coating that
switches between a hydrophobic and a hydrophilic state could provide a mechanism for releasing
sheets of cells with both ECM and cell–cell junctions intact to overcome such difficulties.10 The
most widely used material for this purpose is a thermally responsive polymer known as poly(Nisopropylacrylamide) (pNIPAAm), which switches from the hydrophobic to the hydrophilic state
at approximately 32°C.
At cell culture temperatures (37°C), pNIPAAm takes on a hydrophobic state to which
suspended cells will attach and grow to confluency, the point at which cells cover the entire culture
surface completely. A variety of cell types can be patterned onto a single cell sheet with a high
degree of control over spatial orientation. After cells have reached confluency, the temperature is
lowered below 32°C, which increases the water content of the pNIPAAm coating. In this process,
the cultured cells start to lose their flattened appearance and become rounded, which indicates an
alteration of the cytoskeletal stress.13,14 This occurs slowly, suggesting an adenosine triphosphate
(ATP)-dependent process like cytoskeletal rearrangement. After a period of time, the contiguous
sheet of cells and matrix is released under gentle agitation. Staining indicates that cell–matrix
junctions are maintained when the cells are released from the polymer; but, the mechanism of cell
sheet separation form the pNIPAAm surface is not well understood. Further, the role of metabolic
processes is not clear.15 However, the fact that a gentle agitation dislodges the sheet suggests that
the interface between the sheet and the polymer is weakened by the hydration of the grafted
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polymer layer. The released cell sheet with its cells and intact matrix allows direct adhesion to
other cell sheets in vitro or to tissues in vivo without the use of sutures.15 Moreover, cellular activity
of these cell sheets is reported to be similar to that of native tissues.15
Other methods have also been demonstrated for the release of intact cell sheets, though
they are far less studied and have not been developed sufficiently for implantation purposes. For
instance, magnetic fields can be used to control attachment and release of magnetically labeled
cells.16 Electric fields have also been shown to release cells from surfaces with electroactive
ligands.17 Sacrificial substrates such as tyramine-conjugated polymers of carboxymethyl cellulose
and alginate can be degraded by enzymes which catalyze hydrolysis for detachment.7 The
hydrophobicity of titanium and zinc oxide can be controlled by UV light to trigger cell release.18
Spiropyran, a photochromatic molecule, also changes hydrophobicity when exposed to cell-safe
365-nm UV light. It can be grafted to both poly(methyl methacrylate) and pNIPAAm to develop
photonically triggered responsive polymers for cell sheet detachment. Research into the integrity
of cell junctions and ECM through these approaches have yet to be undertaken.
A strain-based method has also been reported to release cells. Akintewe et al. exploited the
swelling response of surface arrays of high-aspect-ratio pNIPAAm microbeams.19 Similar to
Okano’s method, cells attached and grow to confluency at cell culture temperatures. As
temperature is reduced below 32°C, the microbeams undergo significant lateral swelling, leading
to tension on the cell sheet. If the strain associated with the swelling exceeds a certain threshold,
intact cell sheets can be released on the order of one second without the need for agitation. The
speed of this action suggests that it is not an ATP-dependent process. In fact, it was shown that
even cell sheets that had their metabolism blocked could still be released, in contrast to the standard
cell sheet release method of Okano.20
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There are potential advantages to the high-aspect-ratio microbeam array approach over
other thin, low-aspect-ratio coatings. First, secondary chemicals are not needed for patterning as
this is built into the microbeam culture surface. Second, cell sheet shapes are determined by contact
guidance of the microbeams edges, which, if the microbeams are on the order of cellular
dimensions, can be grown with a high degree of spatial organization.19 Last, the rapid detachment
minimizes alignment loss and morphological changes due to normal metabolic activity of the cells.

A.4 Clinical Successes of Cell Sheet Engineering
The goal of any one of these release methods is the ability to fabricate scaffold-free,
functional cell-dense tissue for direct implantation. Cell sheet technology has been successfully
tested in numerous therapeutic applications using the following general procedure (as denoted in
Figure A.2). Essentially, if an organ is damaged, autologous cells of that organ can be seeded onto
specially designed cell-release culture dishes. The cells are cultured to confluency, at which time,
release is triggered. This sheet can then be transferred or stacked on another creating a 3D cellular
construct. Cell sheets quickly adhere to each other without extra additives.15 Currently, most
constructs are three to five layers thick due to the vascularization limitations previously discussed.
Several clinical successes of cell sheet technology are highlighted next.
Stem cell deficiencies in the corneal limbus can lead to vision loss.21 Without these stem cells,
regeneration of the corneal epithelial lining is impaired. However, cell sheet technology has proven
successful in repairing this type of damage. Autologous oral mucosal cells, which are extremely
easy to harvest and quite similar to native ocular tissue, were seeded onto thin-film pNIPAAm
modified dishes and cultured for 14 days. A cell sheet construct was then grown and directly
transplanted into the eye without sutures.22 It was suggested that the construct was able to stabilize
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in the eye without sutures due to the presence of ECM secreted in 2D culture. This procedure was
performed on four patients; all showed complete re-epithelization of corneal surfaces and had their
vision restored. A similar successful study was conducted with 25 patients and 360-day followups in France. No complications ensued.23
In another example, a patient who was in need of a left ventricular assist system to pump
his blood was successfully treated with cell sheet technology. This time, autologous cardiac muscle
cells from the patient’s thigh were seeded onto thin-film pNIPAAm modified culture dishes.
Several tissue constructs were fabricated from stacking four cell sheets and implanted onto the
diseased part of the patient’s heart.24 After eight weeks, the patient’s left ventricle ejection fraction,
or the volume of blood ejected from the ventricle during systole (contraction) divided by the
volume of blood in the ventricle at the end of diastole (relaxation), increased from 26% to 46%
(normal ranges are between 50% and 75%), and the overall function of the heart improved. The
patient was discharged and no longer needed the assist device.
Animal studies have also shown high levels of success with cell sheet implants. Autologous
oral mucosal epithelial cell sheets have proven to be effective treatments to alleviate the
postoperative effects of cancerous esophageal biopsies in dogs.25 Two cell sheets were individually
implanted one at a time at the ulceration site. No sutures were used. The cell sheets were first
attached to a polyvinylidene difluoride support membrane when harvested from the cell-release
culture dish. The membrane and the cell sheet were then maneuvered into position using an
endoscope. Pressure was applied and after 10 minutes, the membrane was removed, and the cell
sheet remained in place. This was repeated again with the second sheet. Canines receiving the cell
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sheets recovered completely in four weeks compared to control animals that had only healed
partially. Human clinical trials for this procedure have begun.

Figure A.1: Cell Sheet Engineering

Similarly, chondrocyte (cartilage) cell sheets have proven effective in repairing the partial
defects associated with osteoarthritis, chronic degeneration of the joints, in rabbits. Although
drilling techniques are currently used to induce differentiation of marrow cells into chondrocytes,
cartilage produced from this approach is fibrous, which is both visually and structurally different
from the hyaline cartilage generally found in joints.26 Further, while top-down tissue engineering
of bone-marrow-derived mesenchymal stem cells can aid in the regeneration of full thickness
defects, they fail to repair partial defects.27 Cell sheet engineering has demonstrated the potential
to repair these defects. Three-layer sheet constructs composed of human and rabbit chondrocytes
were attached to defective areas with nylon sutures. Both human and rabbit constructs retained
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their cartilaginous phenotype after implantation and acted as a barrier to preventing further protein
degradation.
Lastly, cell sheet constructs can also demonstrate rather sophisticated levels of
functionality similar to native tissues, though these functionalities have yet to be applied to clinical
issues. For example, cell sheet constructs composed of neonatal rat cardiomyocytes have been
cultured and demonstrated to spontaneously beat upon the stacking of four layers.28 Three-layer
sheets have been transplanted subcutaneously in rats and maintained a pulse for over one year.
Moreover, multi-layer hepatocyte (liver cell) sheets were subcutaneously implanted in mice where
they formed a large 3D liver-like mass with native tissue morphology.29 The mass was stable for
140 days.

A.5 Vascularization Remains a Significant Challenge in Cell Sheet Engineering
While there has been success in the repair of damaged tissue with cell sheet constructs
comprising five or less layers, the creation of thicker constructs with preformed vasculature is still
unresolved. However, as previously stated, thin constructs can survive on the metabolite exchange
supplied by diffusion. Thus, significant work has been conducted in attempts to vascularize thinner
constructs that can survive on diffusive transport before they are “stacked” together into a larger
one.
For example, human umbilical vein endothelial cells (HUVECs) are known to promote
vascularization. Endothelial cells line the interior of blood vessels. Sasagawa et al. cultured dense
myoblast cell sheets and sparse HUVEC cell sheets.30 The cell sheets were alternately layered (up
to five myoblast cell sheets), and preliminary capillary networks were observed to form after four
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days of in vitro culture. Subsequent implantation of this construct into a rat showed that the
capillary networks merged with the rat’s circulatory system.
Another vascularization technique is polysurgery, which refers to the technique of implanting thin
constructs into an animal, waiting for vascularization to occur, and then implanting another one.
Ten separate three-layer myoblast cell constructs were successfully implanted and vascularized in
this manner. The surgeries were performed on a single rat, waiting one to two days between each
surgery. A vascularized construct 1-mm thick was produced.31 Times between surgeries cannot be
extended, however, as otherwise too much connective tissue forms, and the layers will beat
asynchronously.
Finally, cell sheets cultured on a perfusion bioreactor (which provides an actively flowing
nutrient feed) produced cell sheets 110 micrometers thick.32 Here, three-layer cardiomyocyte cell
sheets interspersed with endothelial cells were placed on the bioreactor. Nutrients were transported
through the collagen channels underneath. Endothelial cells from within the construct migrated
through the collagen forming a vascular network to the nutrients. Additional three-layer constructs
were stacked on top at five-day intervals, eventually producing a viable 12-layer cell sheet with a
vascular network.

A.6 Conclusion and Outlook
Cell sheet engineering provides a simple way to fabricate functional cell-based materials
from 2D cultured cells that (1) behave similarly enough to native tissue to allow direct implantation
in certain cases and (2) do not require vascularization to survive. While 2D cultured cells lack the
cellular environment found in living organisms, the ability to harvest the cultured cells as sheets
with intact ECM to fabricate 3D constructs in a layer-by-layer fashion may ultimately render
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native-like tissues that can be directly integrated into living systems. Thin constructs have already
proven successful in several surgical applications, and vascularization of thick tissue constructs
can be undertaken at the building-block level as opposed to the entire construct. This has been
demonstrated by the techniques of poly-surgery and perfusion induced vasculature formation
where smaller constructs can survive indefinitely until vascularization occurs.31,32
In the larger context, however, cell sheet engineering is not as well studied as scaffoldbased, top-down engineering approaches. There are three unresolved questions: (1) What is the
extent to which stacked 2D cultured cells mimic physiologically relevant mechanical and
biochemical cues or induce proper cell–cell signaling between sheets; (2) What is the effect of cell
sheet release, if any, on the behavior and properties of the cultured cells and surrounding ECM?;
and (3) How can vascularization be established that connects to native tissue upon implantation?
It is envisioned that the further development of cell-release culture platforms and stacking schemes
(and perhaps in combination with scaffolding technology) will greatly expand the repertoire of
fabrication strategies for fully functional tissue constructs.
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Figure A.2: Cell Sheet Engineering for Corneal Reconstruction
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